Abstract: Whey protein concentrate (WPC 80) and sodium caseinate were hydrolyzed by Protamex to 5%, 10%, 15%, and 20% degree of hydrolysis (DH). WPC 80, sodium caseinate and their hydrolysates were then analyzed, compared and evaluated for their nutritional qualities. Their chemical composition, protein solubility, amino acid composition, essential amino acid index (EAA index), biological value (BV), nutritional index (NI), chemical score, enzymic protein efficiency ratio (E-PER) and in vitro protein digestibility (IVPD) were determined. The results indicated that the enzymatic hydrolysis of WPC 80 and sodium caseinate by Protamex improved the solubility and IVPD of their hydrolysates. WPC 80, sodium caseinate and their hydrolysates were high-quality proteins and had a surplus of essential amino acids compared with the FAO/WHO/UNU (1985) reference standard. The nutritive value of WPC 80 and its hydrolysates was superior to that of sodium caseinate and its hydrolysates as indicated by some nutritional parameters such as the amino acid composition, chemical score, EAA index and predicted BV. However, the E-PER was lower for the WPC hydrolysates as compared to unhydrolyzed WPC 80 but sodium caseinate and its hydrolysates did not differ significantly. The nutritional qualities of WPC 80, sodium caseinate and their hydrolysates were good and make them appropriate for food formulations or as nutritional supplements.
INTRODUCTION
Milk proteins have long been known for their nutritional and technological value. Proteins are important constituents of the human diet, since they comprise a principal source of nitrogen and essential amino acids. Milk proteins have high nutritional value compared to other proteins because of their relatively high content of essential amino acids and good digestibility (Hambraeus, 1992) .
Caseins and whey proteins are the two main protein groups in milk. Caseins, representing about 80% of the protein content in bovine milk, are isolated from milk by acid or by rennet precipitation. The acid, or isoelectric, precipitation is performed at pH 4.6, where the caseins precipitate and the whey proteins remain soluble. Caseins are flexible and heat stable proteins.
Whey proteins comprise approximately 20% of the total milk proteins. Whey proteins (or milk serum proteins) are defined as proteins in milk that remain soluble after acid (Walstra and Jenness, 1984) or after rennet casein precipitation (Barth and Behnke, 1997) . The former whey protein source is known as acid whey, the latter is referred to as sweet or rennet whey (Morr, 1989) . Whey proteins are globular proteins that are soluble over a broad pH range (Mulvihill, 1992) .
From the nutritional point of view, milk whey proteins have been considered superior to casein in various aspects. They present amino acid profile superior to casein, being similar to human milk, is what recommends whey proteins for the formulation of humanized milk products for replacement of bovine milk in infant nutrition (Hambraeus, 1982) . Some publications (Boirie et al., 1997; Frühbeck, 1998) reported on important differential properties between caseins and the milk whey proteins. It was observed that the caseins undergo much lower digestion and absorption than the whey proteins.
The amino acid composition is the most important factor in defining food protein quality, followed by the digestibility of the protein and the bioavailability of its amino acids. Because of their amino acid composition the main bovine milk proteins, caseins and whey proteins, can be regarded as a complete source of amino acids. Milk proteins are currently the main source of a range of biologically active peptides and the occurrence of their specific physiological properties which might have nutritional implication is another aspect of their nutritive value.
This work aimed at evaluating and comparing some nutritional qualities of caseins and whey proteins and their hydrolysates from Protamex.
MATERIALS AND METHODS

Materials
Whey protein concentrate (WPC 80, 80% protein based on dry weight) and sodium caseinate (88.03% protein based on dry weight) were obtained from New Zealand Milk Products (Wellington, New Zealand). Protamex, a commercial Bacillus proteinase complex, was obtained from Novo Nordisk's Enzyme Business (Wuxi, China). All the other chemicals were of analytical grade available from the Southern Yangtze University Chemical Store (Wuxi, China).
Preparation of hydrolysates
Whey protein concentrate (WPC 80) and sodium caseinate were reconstituted at 50 °C in distilled water to give a starting protein concentration of 5% (w/V). Prior to enzymatic treatment the aqueous solution of WPC 80 was allowed to hydrate for 1 h at room temperature with gentle mixing, adjusted to pH 4.6 with 2 mol/L HCl and heated to 85 °C for 30 min to denature WPC 80.
The protein solution was then equilibrated at 50 °C and the pH for Protamex hydrolysis was adjusted to 8.0 with 1 mol/L NaOH before addition of enzyme. Protamex (1.5 AU/g) was added at a rate of 0.40 AU per 1 g of WPC 80 or sodium caseinate. Hydrolysis experiments were carried out in a 1500 L reaction vessel maintained at 50 °C with the solution being agitated by an over-head stirrer (Kika Labortechnik RW 20.n, Germany) throughout the hydrolysis process adequately controlled by monitoring the degree of hydrolysis (DH) using the pH-stat technique (Adler-Nissen, 1986) . Aliquots (250 ml) were taken at 5%, 10%, 15% and 20% DH.
Protamex was inactivated by heating at 90 °C for 15 min. The hydrolysates were centrifuged (3 000 g per 30 min) at room temperature and the pH of hydrolysis. Supernates were then frozen and later freeze dried with a FD-5 freeze dryer (Shanghai, China).
Calculation of the degree of hydrolysis (DH)
The hydrolysis was carried out using the pH-stat method described by Adler-Nissen (1986) and the DH (%) was calculated from the volume and the molarity of alkali used to maintain constant pH.
Moisture, ash and protein determination
Moisture and ash contents were determined according to AOAC (1984) and the crude protein content was measured with Kjeldahl method as described by Ceirwyn (1995) .
Amino acid composition
A modified method of AOAC 982.30a (AOAC, 1990) was used for amino acid analysis. Sixty milligrams of freeze-dried sample were hydrolyzed with 8 ml of 6 mol/L HCl under vacuum at 110 °C for 24 h. After cooling, the hydrolysate was washed with distilled water, filtered (Whatman No. 2) and dried at 60 °C (also under vacuum) in a rotary evaporator. The dried sample was then dissolved in 0.01 mol/L HCl. The amino acids in the hydrolysate were separated and quantified by injecting 50 µl into a Hitachi 835-50 amino acid analyzer equipped with a 2.6 mm× 150 mm ion exchange column coated with resin 2619 # . The column temperature was 53 °C. Sodium citrate buffers (pH 3.3, 4.3, and 6.3) were used as eluents with a flow rate of 0.225 ml/min. The light absorbance of the amino acids was detected with a 166 Detector (Beckman Instruments) at 570 nm and the amino acids were quantified by comparing them with amino acid profiles from external amino acid standard.
Determination of tryptophan
Tryptophan was estimated by the ninhydrin method of Pintér-Szakács and Molnán-Perl (1990) . One gram of sample was introduced into a 25 ml polypylene test tube with caps and then 10 ml of 0.075 mol/L NaOH was added and mixed until there were no lumps. The dispersion was shaken for 30 min and centrifuged at 5000 r/min for 10 min and the supernate was transferred to a clean test tube. To 0.5 ml of supernate, 5 ml of ninhydrin reagent (1.0 g of ninhydrin in 100 ml mixture of 37% HCl and 96% HCOOH at a ratio of 2:3) was added and then solution was incubated at 35 °C for 2 h, and then cooled to room temperature after which the volume was made up to 10 ml with diethyl ether, thoroughly mixed with a Vortex mixer, filtrated and the clear filtrate was read at 380 nm. A standard tryptophan curve was prepared using 0~100 µg tryptophan. From the standard graph, the concentration of tryptophan was calculated and expressed as g/100 g protein.
Protein solubility
Protein solubility (PS) was determined by the method of Bera and Mukherjee (1989) . Two hundred milligrams of proteins were dispersed in 10 ml of deionized water. The pH of suspensions was adjusted to different levels (2.0 to 10.0) by using 1 mol/L HCl or 1 mol/L NaOH. The suspensions were stirred at room temperature for 30 min and then centrifuged at 10000×g for 30 min (Kika Ultra Turrax T18 basic, Germany). Protein contents in supernates were determined by Kjeldahl method (Ceirwyn, 1995) . The percentage of protein solubility in each suspension was calculated by the ratio of protein in the supernate to protein in 200 mg sample.
Determination of in vitro protein digestibility (IVPD)
The method of Saunders et al.(1973) was applied with slight modifications to determine the in vitro protein digestibility. The sample (0.2 g) was placed in a 50 ml centrifuge tube, to which 15 ml of 0.1 mol/L HCl containing 1.5 mg pepsin was added and then the tube was incubated at 37 °C for 3 h. The suspension was then neutralized with 0.5 mol/L NaOH (ca. 3.3 ml), then treated with 4 milligrams of pancreatin in 7.5 ml of 0.2 mol/L phosphate buffer (pH 8.0), containing 0.005 mol/L sodium azide. One milliliter of toluene was added to prevent microbial growth and the mixture was then gently shaken and incubated for additional 24 h at 37 °C. After incubation, the sample was treated with 10 ml of 10% trichloroacetic acid (TCA) and centrifuged at 50 000 g for 20 min at room temperature. Protein in the supernate was estimated using the Kjeldahl method (Ceirwyn, 1995) . The percentage of protein digestibility was calculated by the ratio of protein in supernate to protein in sample.
Determination of in vitro enzymic protein efficiency ratio (E-PER)
The computed protein efficiency ratio (E-PER) was determined using the model developed by Ihekoronye (1981) . This model provides estimates of protein quality based on amino acid profiles after enzymic proteolysis.
Calculation of chemical score, essential amino acid index, biological value and nutritional index
Chemical score which is based on the amount of most limiting amino acid present in the test protein relative to the amount of that amino acid in reference egg protein was calculated using the equation given by Block and Mitchel (1946) .
Essential amino acid index (EAA index) was calculated according to the procedure of Oser (1951) taking into account the ratio of EAA in the test protein relative to their respective amounts in whole egg protein.
The biological value (BV) was calculated using the formula of Oser (1959) .
The nutritional index (NI) was calculated using the equation of Crisan and Sands (1978) .
Statistical analysis
Except for chromatographic analysis, all other experiments were replicated thrice and all measurements were carried out at least twice. Data were analyzed using analysis of variance (ANOVA) and the differences between treatment means were determined by the multiple range test (Duncan, 1955) . Differences were considered to be significant at P<0.05 throughout this study.
RESULTS AND DISCUSSION
Proximate composition of WPC 80, sodium caseinate and their hydrolysates
The protein, moisture and ash content of WPC 80, sodium caseinate and their freeze-dried hydrolysates at four different DH levels were compared (Tables 1 and 2 ).
All hydrolysates produced at various DH were different from unhydrolyzed protein (WPC 80 or sodium caseinate) in protein, moisture and ash content. In general, protein content decreased after hydrolysis but no relationship between DH and protein content was observed. The differences in protein content of hydrolysates at different DH were due to the corresponding difference in non-protein nitrogen (NPN). The produced peptides can interact with unhydrolyzed protein (WPC 80 or sodium caseinate) via hydrophobic interactions resulting in increase of the insoluble protein fraction. Also some protein/peptides were lost during the centrifugation prior to freeze-drying with the apparent decrease in protein content of freeze-dried hydrolysates being also related to higher ash levels in the samples. In general protein was lost and moisture increased with increasing hydrolysis. The differences in moisture could arise from varying efficiency of freeze drying or storage conditions. Ash content of the hydrolysates increased with increasing DH with all hydrolysates having higher ash content than the unhydrolyzed protein (WPC 80 or sodium caseinate). Increase in ash content corresponded to the increase in base (NaOH) consumption with DH and the adjustment of pH before enzymatic hydrolysis.
Protein solubility
The protein solubility was measured in the pH range of 2 to 10 (the pH-protein solubility profiles of WPC 80, sodium caseinate and their hydrolysates are shown in Fig.1 ). WPC 80, sodium caseinate and their hydrolysates had minimum solubility at pH 4.0~5.0. They had the highest solubility values at alkaline pH and in the pH range between 2.0 and 3.0. Solubility in the pI range increased from 75.5% to 77.8%, 79.3% 81.3% and 86.5% for WPC 80 and its hydrolysates at 5%, 10%, 15% and 20% DH, respectively. At 5%, 10%, 15% and 20% DH, the sodium caseinate hydrolysates were 50%, 84.8%, 86% and 91% soluble at pH=5.0, respectively. They were from 84.8%~98% soluble between pH 4.0~5.0 at 10%~20% DH. These results accord with those of Slattery and Fitzgerald (1998) , Chobert et al.(1988a; 1988b) .
The results indicated that the enzymatic hydrolysis of WPC 80 and sodium caseinate by Protamex improved the solubility of their hydrolysates. This enzymatic hydrolysis of WPC 80 and sodium caseinate increased the number of ionizable groups + 4 (NH , COO − ) with concomitant increase in hydrophilicity and net charge of the resulting hydrolysates, promoting hydrolysate-water interaction and enhancing their solubility. It altered their structure and exposed previously buried hydrophobic regions to the aqueous environment. The enhanced solubility of sodium caseinate and WPC hydrolysates was also due to their smaller molecular size (data not shown) as confirmed by Chobert et al.(1988b) and Mutilangi et al.(1996) . Although Protamex is an endopeptidase with a broad specificity to hydrophobic amino acids, it attacked WPC 80 and sodium caseinate at specific sites. Therefore, they produced hydrolysates with different M w distributions (data not shown) and different solubility profiles (Fig.1) . The results showed also that changes in solubility with DH were small at 5% and 10% DH and became more noticeable up to 15% and 20% DH for WPC 80. The statistical analysis revealed that WPC 80 and its hydrolysates at 5% and 10% were not significantly different (P<0.05) but they were significantly different to those at 15% and 20% DH (data not shown). It was postulated that the heat treatment of hydrolysates for enzyme inactivation lowered their solubility by promoting hydrophobic interactions (peptide-peptide or peptide-protein interactions).
Amino acid composition
Amino acid profile of WPC 80, sodium caseinate and their hydrolysates; human milk (Hambraeus, 1982) and the FAO/WHO/UNU (1985) reference standard are shown in Tables 3 and 4 .
The global amino acid compositions did not differ significantly between the sodium caseinate hydrolysates and they were very close among sodium caseinate and its hydrolysates ( Table 4 ). The same (Table 3) .
Some important protein characteristics of WPC 80 and its hydrolysates were the high content of sulfur-containing amino acids (Met and Cys); the high concentration of Leu, Ile, Lys, Thr; and the relatively low content of the aromatic amino acids Phe and Tyr. On the contrary, sodium caseinate and its hydrolysates showed low contents of Ile, Leu, Lys, Thr and Cys; higher contents of Phe and Tyr than WPC 80 and its hydrolysates. By comparing essential amino acid pattern of human milk with WPC 80, sodium caseinate and their hydrolysates; it is apparent that WPC 80 and its hydrolysates are more similar to human milk than the sodium caseinate and its hydrolysates. These results accord with those of Hambraeus (1982) , Valdemiro et al.(2000) . This is why WPC 80 and its hydrolysates have been used with success in the formulation of infant formulas and humanized milk products. WPC 80, sodium caseinate and their hydrolysates had a surplus of essential amino acids compared with the FAO/WHO/UNU (1985) reference standard. Tables 3 and 4 show that WPC 80, sodium caseinate and their hydrolysates are highquality proteins although the nutritive value of sodium caseinate and its hydrolysates is inferior to that of WPC 80 and its hydrolysates.
In vitro protein digestibility (IVPD) and some nutritional parameters of WPC 80, sodium caseinate and their hydrolysates
Chemical scores for essential amino acids of WPC 80, sodium caseinate and their hydrolysates were calculated and results are reported in Table 5 . They were calculated with comparison to the FAO egg reference pattern (FAO/WHO, 1965) .
Val and Phe+Tyr were found to be respectively the first and second limiting amino acids in WPC 80 while Phe+Tyr and Val (or Met+Cys) were respectively the first and second limiting amino acids in all WPC hydrolysates (Table 5) .
Met+Cys and Trp (or Ile) were found to be respectively the first and second limiting amino acids in sodium caseinate and its hydrolysates (Table 5) . These results confirmed those of Block and Mitchel (1946) . From the results, it was obvious that the differences in the score were due to amino acid composition, which depends on the type of protein. Table 5 shows that the Table 6 .
The results indicated that enzymatic hydrolysis of WPC 80 and sodium caseinate by Protamex improved the in vitro protein digestibility of their hydrolysates. The improvement was due to the increase in solubility and the denaturation of these protein molecules making them more accessible to proteolytic enzymes. These results accord with those of Lahl and Braum (1994), Clemente (2000) . In vitro studies showed that WPC and sodium caseinate hydrolysates had higher digestibility compared to unhydrolyzed WPC 80 and sodium caseinate. It is apparent that enzymatic hydrolysis affected amino acid availability. The IVPD values of sodium caseinate and its hydrolysates were higher than those of WPC 80 and its hydrolysates. These differences in IVPD values should be explained by the fact that WPC 80 and its hydrolysates were more resistant to enzymatic hydrolysis than sodium caseinate and its hydrolysates; it was postulated that the protein structure played an important role here. The computed E-PER values were lower for the WPC hydrolysates as compared to the original WPC 80. However, there were no significant differences in E-PER between sodium caseinate and its hydrolysates (Table 6 ). These results confirmed those of Valdemiro et al.(2000) , Boza et al.(1995) . These results suggested also that the differences in E-PER were related to their nutritional quality and protein content. The NI values of sodium caseinate and its hydrolysates were higher than those of WPC 80 and its hydrolysates, and only the protein content could explain these discrepancies. WPC hydrolysates showed higher EAA index and BV than the unhydrolyzed WPC 80. However, they were slightly lower for the sodium caseinate hydrolysates as compared to the parental sodium caseinate. The EAA index and BV of WPC 80, sodium caseinate and their hydrolysates were normally higher indicating their good nutritional quality. However, the EAA index and BV of WPC hydrolysates were much higher than those of sodium caseinate suggesting their superiority in nutritional quality. 
CONCLUSION
Milk proteins, caseins and whey proteins, have high nutritional value compared to other proteins because of their relatively high content of essential amino acids and their good digestibility. Sodium caseinate and WPC 80 are low-lactose milk products so lactose-intolerant people can tolerate them. In fact, lactose intolerance is the inability to digest significant amounts of lactose (the predominant sugar of milk) and this inability results from a shortage of the enzyme lactase which hydrolyzes much of the lactose in milk to glucose and galactose, which lactose-intolerant people can absorb without ill effects. A possible solution to this problem is the use of low-lactose or reduced-lactose milk products such as cheese, yogurt, sodium caseinate and WPC.
In this study, WPC 80, sodium caseinate and their hydrolysates from Protamex at four different DH levels were analyzed, compared and evaluated for their nutritional qualities. The results indicated that the enzymatic hydrolysis of WPC 80 and sodium caseinate by Protamex improved the solubility and IVPD of their hydrolysates. WPC 80, sodium caseinate and their hydrolysates are high-quality proteins and have a surplus of essential amino acids compared with the FAO/WHO/UNU (1985) reference standard. Nevertheless, the nutritive value of WPC 80 and its hydrolysates is superior to that of sodium caseinate and its hydrolysates as indicated by some nutritional parameters such as the amino acid composition, chemical score, EAA index and predicted BV. The nutritional qualities of WPC 80, sodium caseinate and their hydrolysates are good and make them appropriate for food formulations or as nutritional supplements.
